The Vam7p t-SNARE is an essential component of the vacuole fusion machinery that mediates membrane trafficking and protein sorting in yeast. Vam7p is recruited to vacuoles by its N-terminal PX domain that specifically recognizes PtdIns(3)P in the bilayers, however the precise mechanism of membrane anchoring remains unclear. Here we describe a molecular basis for membrane targeting and penetration by the Vam7p PX domain based on structural and quantitative analysis of its interactions with lipids and micelles. Our results derived from in vitro binding measurements using NMR, monolayer surface tension experiments and mutagenesis reveal a multivalent membrane docking mechanism involving specific PtdIns ( The inositol headgroup of PIs is reversibly phosphorylated at three positions yielding seven isoforms, which cluster in distinct intracellular membranes. The apparent segregation of PIs is important for the fine-tuned regulation of protein and membrane traffic and also provides reliable and handy markers of organelles, such as the plasma membrane, trans-Golgi network, early endosomes, and multivesicular bodies. PIs were first recognized to function as precursors of secondary messengers in various signal transduction cascades and later as docking sites for modular effectors. A number of cytosolic protein effectors that are recruited to membranes and activated through interactions with PIs have recently been identified and structurally or biochemically characterized. The major PI binding modules include the ANTH (AP180 N-terminal homology), ENTH (epsin N-terminal homology), FERM (four-point one, ezrin, radixin, moesin), FYVE (Fab1, YOTB, Vac1, EEA1), PH (pleckstrin homology), and PX (Phox homology) domains (reviewed in Refs. 2-5, 50).
, and Trp 75 residues located next to the PtdIns(3)P binding pocket are surrounded by a basic patch, which is involved in nonspecific electrostatic contacts with acidic lipids, such as PtdSer. Substitution of the insertion residues significantly reduces the binding and penetrating power of the Vam7p PX domain and leads to cytoplasmic redistribution of the EGFPtagged protein. The affinities of the PX domain for PtdIns(3)P and other lipids reveal a remarkable synergy within the multivalent complex that stably anchors Vam7p at the vacuolar membrane.
Phosphoinositides (PIs), 2 phosphorylated derivatives of phosphatidylinositol (PtdIns), regulate diverse biological processes including growth, vesicular trafficking, cytoskeletal rearrangement, and survival of cells (reviewed in Ref. 1) . The inositol headgroup of PIs is reversibly phosphorylated at three positions yielding seven isoforms, which cluster in distinct intracellular membranes. The apparent segregation of PIs is important for the fine-tuned regulation of protein and membrane traffic and also provides reliable and handy markers of organelles, such as the plasma membrane, trans-Golgi network, early endosomes, and multivesicular bodies. PIs were first recognized to function as precursors of secondary messengers in various signal transduction cascades and later as docking sites for modular effectors. A number of cytosolic protein effectors that are recruited to membranes and activated through interactions with PIs have recently been identified and structurally or biochemically characterized. The major PI binding modules include the ANTH (AP180 N-terminal homology), ENTH (epsin N-terminal homology), FERM (four-point one, ezrin, radixin, moesin), FYVE (Fab1, YOTB, Vac1, EEA1), PH (pleckstrin homology), and PX (Phox homology) domains (reviewed in Refs. [2] [3] [4] [5] 50) .
The PX domain was first identified within a set of eukaryotic proteins in 1996 and named after the two phagocyte NADPH oxidase subunits, p40 phox and p47 phox (7) . Since then, it has been found in at least 69 human and 15 yeast signaling proteins, protein kinases, PtdIns kinases and phospholipases (SMART). These proteins are implicated in a variety of physiological events playing fundamental roles in endocytosis, protein sorting, membrane trafficking, transcription, signaling, cell growth, differentiation, and proliferation (5, (7) (8) (9) . The PX domain consists of ϳ130 residues that are folded in a highly conserved three-dimensional structure despite little sequence similarity between the family members. A proline-rich region (PXXP), involved in the interaction with SH3 domains, and a set of basic residues, shown to coordinate PIs, comprise the most con-served elements. Of all PIs, PtdIns(3)P appears to be a primary target of the PX domain-containing proteins as the majority of them are found associated with PtdIns(3)P-enriched endosomes and vacuoles (Vam7p, sorting nexins (SNXs), p40 phox , Grd19p), though interactions with PtdIns(3,4)P 2 , PtdIns(3,5)P 2 , PtdIns(4,5)P 2 , and PtdIns(3,4,5)P 3 have also been reported for p47 phox , SNXs, PI3K C2␥, CISK, FISH, and PLD1 (7, 10 -18) . This lack of binding specificity distinguishes the PX module from the FYVE domain, an exclusive effector of PtdIns(3)P, and links it to the less selective PH domain.
The atomic resolution crystal and solution structures of seven (CISK, Grd19p, p40 phox , p47 phox , SNX12, SNX22, and Vam7p) PX domains in the free and PtdIns(3)P-or PtdIns(3,4)P 2 -bound states have been determined (Refs. 19 -24, Protein Data Bank I.D. 2CSK, 2ETT, and 1KQ6). 3 All show a similar fold consisting of three to four ␣-helices connected by a long exposed proline-rich loop and capped by a three-stranded ␤-sheet. The PtdIns(3)P molecule is positioned in a relatively narrow and deep groove formed by the ␣-helical bundle and makes numerous hydrogen bonds with the most conserved basic residues of the PX domain. In the case of p40 phox and p47 phox PX domains, the PI binding is supported by nonspecific electrostatic interactions and by insertion of hydrophobic residues of an exposed loop into the membrane (25) . An analogous loop of the Vam7p PX domain is involved in the interaction with micelles as adjacent basic residues recognize PtdIns(3)P (12) . The solution structure of the ligand-free Vam7p PX domain reveals a well formed PtdIns(3)P binding pocket implying that the lipid binding may induce local but not global conformational changes in the domain (22) .
The Vam7p t-SNARE (soluble N-ethylmaleimide-sensitive fusion protein attachment receptor) is unique among PX domain-containing yeast proteins, most of which belongs to the SNX family. It is an essential component of membrane and protein trafficking in yeast, mediating homotypic vacuole fusion in cooperation with other SNAREs, NSF, SNAP, Rab GTPases, Sec1/Munc18, and additional elements of the membrane fusion machinery. While the majority of SNARE proteins associate with membranes through their transmembrane regions or via covalently attached lipids, Vam7p is targeted to vacuoles by its amino-terminal PX domain that specifically recognizes PtdIns(3)P (12). Consequently, both the intact PX domain and the presence of PtdIns(3)P are required for the subcellular localization of Vam7p (12) . Despite the critical role in Vam7p function, the precise mechanism by which the PX domain targets PtdIns(3)P-enriched membranes remains unclear. Here we present the molecular basis of membrane docking and penetration by the PX domain of Vam7p based on structural and quantitative analysis of its interactions with lipids and micelles. Our results, derived from in vitro binding measurements using nuclear magnetic resonance (NMR) and monolayer surface tension combined with data from mutagenesis experiments and the in vivo localization of fluorescently tagged proteins, provide novel insights into the membrane recruitment mechanism of Vam7p. The affinities of the PX domain for PtdIns(3)P and other lipids reveal a remarkable synergy within the multivalent complex which is responsible for the vacuole anchoring of Vam7p.
EXPERIMENTAL PROCEDURES
Subcloning, Expression, and Purification of Vam7p PX Domain-DNA fragments encoding residues 2-122 of the yeast Vam7p PX domain were amplified by PCR and cloned in pGEX-2T vector (Amersham Biosciences). The protein was expressed in the Escherichia coli BL21 (DE3) pLysS strain in minimal media supplemented with 15 NH 4 Cl (Cambridge Isotope) and glycerol (5 ml/liter) or in LB media. Bacteria were harvested by centrifugation after induction with isopropyl-1-thio-␤-D-galactopyranoside (0.5 mM) and lysed using sonication or a French press (18,000 psi, 4°C). The unlabeled and 15 N uniformly labeled GST fusion protein was purified on a glutathione-Sepharose 4B column (Amersham Biosciences). The GST tag was cleaved with thrombin (Sigma). The PX domain was exchanged into 20 mM Tris or d 11 16 -PtdIns(3)P (Echelon Biosciences Inc.) were added stepwise to 2 mM, diheptanoyl phosphocholine (DHPC) (Avanti) to 502 mM CHAPS (Sigma) to 167 mM, 1,2-dicaproyl-sn-glycero-3-[phospho-L-serine] (PtdSer) (Avanti) to 42 mM, dodecylphosphocholine (DPC) (Avanti) to 150 mM, cyclohexylbutylphosphocholine (Anatrace) to 250 mM, dihexanoyl phosphocholine (Avanti) to 150 mM, 1-myristoyl-2-hydroxy-sn-glycero-3-phosphocholine (Avanti) to 200 mM and 1-myristoyl-2-hydroxy-snglycero-3-phosphate (Avanti) to 50 mM. Significant changes in the resonances were judged to be greater than the average plus one standard deviation. The K D values were calculated by a nonlinear least-squares analysis using the Xmgr program and Equation 1, (27) . Paramagnetic Spin Labels-The 5-, 10-, and 14-doxyl derivatives of 1-palmitoyl-2-stearoyl-sn-glycero-3-phosphocholine (3-6 mM) (Avanti) were gradually added to 250 M Monolayer Measurements-The penetration of wild-type and mutant Vam7p PX domains into the phospholipid monolayer was examined by measuring changes in the surface pressure () of invariable surface area while adding the protein. All experiments were performed at 23°C using a 5-ml circular Teflon trough and Wilhelmy plate connected to a Cahn microbalance as previously described (28) . A lipid monolayer containing various combinations of phospholipids was spread onto the subphase composed of 50 mM potassium phosphate, 0.16 M KCl, 1 mM dithiothreitol, and 1 mM NaN 3 at pH 7.0 until the desired initial surface pressure ( 0 ) was reached. After the signal stabilized, the PX domain was injected to a final concentration of 1 M. The increase in surface pressure (⌬) was measured for 60 min while stirring the subphase at 60 rpm. Typically, the ⌬ value reached a maximum after 25 min. The maximal ⌬ value depended on the PX domain concentration and reached saturation at ϳ400 nM, therefore protein concentration in the subphase was maintained above this value. The resulting ⌬ was plotted versus 0 , and critical surface pressure ( c ) was determined as the x-intercept (29) .
Liposome Binding-The liposome binding assays were performed as described in Ref. 30 . Briefly, solutions of PC, PE, PtdSer (Avanti), PtdIns, and PtdIns(3)P (Echelon) dissolved in CHCl 3 :MeOH:H 2 O (65:25:4) were mixed and dried down under vacuum. The lipids were resuspended in 50 mM Tris, 100 mM KCl, pH 7.0 and incubated at 64°C for 1 h. The liposomes were then frozen in liquid nitrogen and thawed at 37°C for three cycles. The liposome solution was passed through an Avanti extruder to make 1.0 m liposomes. Liposomes were collected by centrifugation at 25,000 ϫ g for 10 min and resuspended to a final concentration of 2 mM total lipids in 100 l 20 mM Tris, 100 mM KCl buffer, pH 7.4. Liposomes were incubated with the wild-type and mutant GST-Vam7p PX domain, GST or BSA (2 g/ml final protein concentration) for 30 min at room temperature and then collected again by centrifugation. The liposome pellets were resuspended in 100 l of buffer and analyzed using SDS-PAGE with Coomassie Brilliant Blue staining.
The in Vivo Localization of Enhanced Green Fluorescent Protein (EGFP) Fusion Vam7p PX Domain in Yeast
Cells-A region (amino acids 2-122) of Vam7p containing the wild-type or mutant PX domain was expressed in a wild-type yeast strain (BY4742) with an N-terminal EGFP tag using the pRS416-based expression vector, pGO-EGFP. Transformed strains were grown at 26°C to an A 600 ϳ0.5 in synthetic complete (SC) media lacking uracil to select for the plasmid. The cells were visualized by fluorescence microscopy as previously described (31) . Images were acquired at the same exposure settings using Phase 3 Imaging software (Phase 3 Imaging Systems, Glen, PA) running on a Nikon Eclipse E800 microscope fitted with a cooled, high resolution charge-coupled device camera (model C4742-95, Hammamatsu Photogenics, Bridegwater, NJ). Sitedirected mutagenesis was used to generate EGFP-PX domain mutants, I90A, V70A/L71A, and V70A/L71A/W75A using a QuikChange kit (Stratagene).
RESULTS

An Exposed Loop of the Vam7p PX Domain Is Involved in the
Interaction with Lipid Micelles-To investigate the structural nature of the membrane association of the Vam7p PX domain, a number of soluble membrane mimetics were probed in NMR experiments. Of seven micelle systems screened, a mixture of DHPC and CHAPS in a ratio of 3 to 1 produced a lipid environment in which the Vam7p PX domain remained structured at all concentrations of micelles tested. The presence of CHAPS had a stabilizing effect on the PX domain tertiary structure preventing its unfolding. Moreover, this detergent appears to be capable of restoring a fully structured native state of the PX domain that is partially unfolded by DHPC alone. Upon titration of mixed DHPC/CHAPS micelles into uniformly 15 N-labeled Vam7p PX domain, pre-bound to C 4 -PtdIns (3) (Fig. 1, a-c) . Mapping the chemical shift changes onto the Vam7p PX domain surface revealed a flexible and a fully solvent exposed protrusion or membrane interaction loop (MIL) (12 , exhibited the largest changes suggesting that both hydrophobic and electrostatic interactions might be involved. These perturbations paralleled chemical shift changes seen in the ligand-free PX domain as mixed DHPC/CHAPS micelles were titrated in (Fig.  1, d-f ) and were similar in directions to small changes observed upon addition of dodecylphosphocholine (DPC) micelles (12) . An almost identical pattern of resonance perturbations in the ligand-free and PtdIns(3)P-bound state of the PX domain suggests a similar mode of DHPC/CHAPS association involving the MIL. Yet, the micelle binding of the PtdIns(3)P-bound protein appears to be much stronger judging by significant line broadening of NMR resonances, indicative of an intermediate-to-fast exchange regime on the NMR time scale and hence a higher affinity interaction.
DHPC/CHAPS Micelles Enhance the Vam7p PX Domain Interaction with PtdIns(3)P-
To determine the effect of micelle binding on the PtdIns(3)P interaction, resonances of DHPC/CHAPS-associated Vam7p PX domain were monitored while C 4 -PtdIns(3)P was titrated in. Addition of PtdIns(3)P induced large amide chemical shift changes in a number of charged, polar, and aromatic residues, the majority of which reside in the ␤1-and ␤2-strands, in the ␣1-and ␣2-helices and in the MIL (Fig. 2, a-c) . Although the three-dimensional fold of the Vam7p-PX/PtdIns(3)P complex remains unknown, the solution structure of the ligandfree protein indicates that the PtdIns(3)P binding pocket is largely preformed in the domain (22) . This implies that the chemical shift changes observed in NMR spectra occurred primarily because of direct interaction with PtdIns(3)P rather than caused by a conformational change in the PX domain. Indeed, the most affected residues, when labeled on the surface of the Vam7p PX domain, reveal a compact PtdIns(3)P binding site located at the stem of the MIL. Similar resonance perturbations were seen in the free Vam7p PX domain during titration of PtdIns(3)P (Fig. 2, d- (Fig. 3) . The magnitude of chemical shift changes in 1 H- 15 N HSQC spectra induced by PtdIns(3)P or DHPC/ CHAPS micelles was evaluated for a number of substantially perturbed PX residues. As shown in Fig. 3 , PtdIns(3)P was bound by the free Vam7p PX domain with a K D of 344 Ϯ 27 M, as determined from chemical shift perturbation analysis (Fig. 3a) . However in the presence of DHPC/CHAPS micelles, the same interaction was seven times stronger, showing an affinity of 50 Ϯ 10 M (Fig. 3b) . Similar binding enhancement was exerted by PtdIns(3)P on the micelle association of the PX domain. That is, the DHPC/CHAPS micelle affinity of the ligand-free Vam7p PX domain was six times weaker (7.1 Ϯ 1.6 mM) than that of the C 4 -PtdIns(3)Pbound PX domain (1.2 Ϯ 0.2 mM, Fig. 3, c and d) . The bivalent affinity of the Vam7p PX domain for C 4 -PtdIns(3)P-containing micelles, estimated as a product of the two sequential binding events (32) , is then predicted to be ϳ0.4 M. Interestingly, comparably increased binding affinities were reported for the FYVE domain interactions with PtdIns(3)P and DPC micelles (27) . Similar to the FYVE domain, such amplification may be attributed to an insertion of hydrophobic residues of the PX domain in the micelle interior and/or may reflect the preference for the exposed acyl chains of PtdIns(3)P to become buried inside a micelle. Accordingly, extending the PtdIns(3)P acyl chains or increasing the MIL hydrophobicity is likely to enhance this interaction. Indeed, the micelle-associated PX domain bound more tightly to a long chain di-palmitoyl (C 16 )-PtdIns(3)P than to the short chain form, as evidenced by their slow and intermediate exchange on the NMR time scale (Fig. 2a and supplemental  Fig. S1 ).
Vam7p PX Domain Penetrates Monolayers-A number of PI-recognizing modules, including FYVE and ENTH domains as well as PX domains of p40 phox and p47 phox have been shown to insert hydro- phobic elements into bilayers (25, 27, 33, 34) . To test whether the Vam7p PX domain is capable of penetrating membranes, we analyzed its ability to alter surface tension of lipid monolayers of different compositions. The monolayers containing POPC/POPS and POPC/POPS/PtdIns(3)P were spread onto a surface area with initial surface pressure of 0 , and after the injection of the protein, the change in surface pressure (⌬) was measured (Fig. 4, a-c) . As shown in Fig. 4a , the Vam7p PX domain exhibited low penetrating power into a POPC/POPS monolayer with a c value ϳ24 dyne/cm, implying that in the absence of PtdIns(3)P it has low intrinsic membrane-penetrating capability. However, incorporation of PtdIns(3)P into the monolayer substantially elevated its penetration raising the c value to ϳ33 dyne/cm. These results suggest that Vam7p can penetrate membranes since the surface pressure of cell membranes is estimated to be ϳ31 dyne/cm (35) and PtdIns(3)P binding is required for the strong insertion. Likewise, PtdIns(3)P is necessary for the FYVE domain to sufficiently penetrate phospholipid monolayers or micelles (27, 33) . The specific nature of the PtdIns(3)P effect on the Vam7p PX domain insertion was confirmed by the lack of an increase in surface pressure when phosphatidylinositol-5-phosphate (PtdIns(5)P) was incorporated into the monolayers (Fig. 4a) .
The MIL Residues Val 70 , Leu 71 , and Trp 75 Insert into the Micelle Interior-To identify the MIL residues penetrating membranes, NMR experiments with spin label probes were carried out. The paramagnetic 5-, 10-, and 14-doxyl-phosphatidylcholine lipids carry a nitroxyl radical at positions 5, 10, and 14 of the stearoyl side chain, respectively. They readily incorporate into micelles and broaden NMR resonances of nuclei located near the micelle surface, in the middle of the lipid acyl groups and in the center of micelles, respectively, as was thoroughly measured by NMR and EPR studies (36 -38) . Consequently, protein residues buried in the center of micelles, residues partially penetrating the hydrophobic core and residues located at the micelle surface are expected to experience selective line broadening upon addition of 14-, 10-, and 5-doxyl probes, respectively. When 5-or 10-doxyl probes were added to the 15 N-labeled Vam7p PX domain, which was pre-bound to C 4 -PtdIns(3)P and DHPC/CHAPS micelles, a significant reduction of the Val 70 , Leu 71 , and Trp 75 amide signal intensities was observed (Fig. 5) . In contrast, addition of the 14-doxyl probe caused no line broadening of amide resonances (data not shown). Thus, the Val 70 , Leu 71 , and Trp 75 residues of the Vam7p PX domain partially penetrate the hydrophobic core of the micelles. The depth of the insertion by the PX domain appears to be smaller than that of the EEA1 FYVE domain, whose hydrophobic residues entirely insert into the micelle interior (27) . Furthermore, selective broadening of MIL resonances was not seen upon titration of any spin label into the PtdIns(3)P-free state of the micelle-saturated PX domain (data not shown), supporting the idea of superficial or transient nature of the Vam7p PX domain nonspecific micelle association.
Mutations of the Hydrophobic MIL Residues Diminish the PX Domain Membrane Association-To investigate the role of hydrophobic insertion in membrane targeting of the Vam7p PX domain, the MIL residues Val 70 , Leu 71 , and Trp 75 were substituted for Ala. The single mutants (V70A, L71A, and W75A), a double mutant V70A/L71A and a triple mutant V70A/L71A/ W75A were generated along with I90A, in which a solvent exposed hydrophobic Ile residue, distal to the MIL, was mutated as a control. Well dispersed resonances in one-and two-dimensional NMR spectra of the mutant PX domains suggested that they maintained a stable structure (data not shown). Initially, the mutant proteins were tested by liposome binding assays (Fig. 4d) . To better mimic vacuolar membranes, liposomes were prepared from phospholipids commonly found in vacuoles and endosomes including PC, PE, PtdSer, PtdIns, and increasing concentrations of PtdIns(3)P. While the wild-type Vam7p PX domain or I90A mutant were found associated with PtdIns(3)P in the liposome fraction, the V70A, L71A, W75A, and V70A/L71A mutant proteins were equally partitioned between soluble and liposome-bound fractions. The V70A/ L71A/W75A mutant was unable to bind PtdIns(3)P and primarily retained in the supernatant demonstrating the importance of hydrophobic interactions involving the Val 70 , Leu 71 , and Trp 75 residues. When these residues are replaced, the strong anchoring of the Vam7p PX domain to PtdIns(3)P-containing bilayers is disrupted.
The critical role of the hydrophobic residues was further substantiated by monolayer surface tension experiments (Fig. 4, b   and residues slightly diminished the PtdIns(3)P dependent penetration, substitution of Leu 71 caused a significant decrease in penetrating power of the PX domain suggesting that insertion of the long hydrophobic side chain of this residue is required for sufficient docking to membranes (Fig. 4b) . As expected, in a control experiment, I90A mutant penetrated monolayers to the same extent as the wildtype PX domain (Fig. 4b) .
Hydrophobic Insertion Is Necessary for the in Vivo Localization of the Vam7p PX Domain-It has been shown that Vam7p is recruited to vacuoles through binding of its N-terminal PX domain to PtdIns(3)P, enriched in vacuolar membranes (12) . To investigate the significance of penetration for in vivo localization of the Vam7p PX domain, EGFP fusion wild-type protein and V70A/L71A, V70A/L71A/W75A, and I90A mutants were generated and their subcellular distribution in yeast cells was examined by fluorescent microscopy. In agreement with previous reports, the wild-type EGFP-Vam7p PX domain was primarily localized to vacuolar membranes (Fig. 6 ). Similar membrane association was observed for the I90A mutant, in which the MIL region remained intact. In contrast, the MILdefective mutants, V70A/L71A or V70A/L71A/W75A were evenly distributed in the cytosol and did not localize to vacuole membranes. Thus, the hydrophobic insertion by the MIL residues is required both, for the in vitro association of Vam7p PX domain with PtdIns(3)P-containing monolayers, bilayers, and micelles and for anchoring of the protein to yeast vacuoles in vivo.
Nonspecific Electrostatic Interactions with PtdSer Enhance the PX Domain Binding to PtdIns(3)P-containing Micelles-
The cytosolic leaflet of vacuolar and endosomal membranes is enriched in acidic phospholipids other than PtdIns(3)P including PtdSer, which is known to promote the membrane association of PI binding domains. To determine whether the nonspecific electrostatic contacts with acidic head groups contribute to the Vam7p PX domain recruitment to PtdIns(3)P-containing membrane mimetics, we examined its interaction with PtdSer. NMR titration of soluble dicaproyl (C 6 )-PtdSer into the PX domain, which had been pre-bound to C 4 -PtdIns(3)P and DHPC/CHAPS micelles, caused significant chemical shift changes in residues located in and around the MIL and PtdIns(3)P binding site (Fig. 7) . These perturbations suggest that PtdSer binding involves charged and polar residues including Lys 40 , Arg 41 , Lys 47 , Lys 73 , Gln 76 , and Arg 77 that form a predominantly basic patch and may easily accommodate a PtdSer headgroup next to the bound PtdIns(3)P molecule.
The electrostatic contacts with PtdSer further the Vam7p PX domain interaction with PtdIns(3)P embedded in micelles. When DHPC/CHAPS micelles containing 10% C 6 -PtdSer were gradually added to C 4 -PtdIns(3)P-bound PX domain, the majority of the MIL resonances and resonances of several PtdIns(3)P-binding site residues disappeared in 1 H 15 N HSQC spectra. Such rapid loss of signals indicates intermediate exchange on NMR time scale and stronger binding than that in the absence of PtdSer (Fig. 3, d and e) .
To examine the contribution of the nonspecific electrostatic interactions in the Vam7p PX domain membrane association, Arg 73 residue was substituted for Ala and the corresponding mutant protein was probed by liposome binding and monolayer penetration assays. The Arg 73 residue was chosen among other perturbed basic residues because it does not coordinate the PtdIns(3)P head group nor is it involved in the insertion. Therefore, the effect caused by disrupting PtdIns(3)P binding or MIL penetration could be eliminated. As shown in Fig. 4d , the R73A mutant of the PX domain was bound to PtdIns(3)Pcontaining liposomes to a lesser degree than the wild-type protein. Furthermore, the R73A mutation diminished the PX domain penetration into POPC/POPS/PtdIns(3)P monolayers, particularly at a lower initial surface pressure (Fig. 4b) . These data support the idea that nonspecific electrostatic contacts significantly aid to the Vam7p PX domain membrane docking. Taking into account that several basic residues besides Arg 73 may also be synergistically involved, a larger effect of the electrostatic interactions on membrane association of the Vam7p PX domain should be expected. As in the case of the p40 phox and p47 phox PX domains (25), a strong positive potential sur- 
DISCUSSION
In conclusion, our results reveal the multivalent molecular mechanism of membrane docking by the Vam7p PX domain involving stereospecific PtdIns(3)P recognition which is facilitated by stabilizing electrostatic interactions with other acidic lipids and is accompanied by the insertion of hydrophobic MIL residues into the membrane (Fig. 8) . The soluble PtdIns(3)P molecule occupies a relatively deep pocket near the stem of the MIL and the inositol head group binding site remains unchanged when the lipid is embedded in DHPC/CHAPS micelles. Three hydrophobic residues located at the tip of the MIL, Val 70 , Leu 71 , and Trp 75 are ideally positioned to penetrate membranes. The direct contact of these residues with lipid bilayers could be initially predicted from the structure of the ligand-free Vam7p PX domain (22) . In the absence of a global conformational change, ligation of PtdIns (3) (20, 25) . Replacement of I171 in a less hydrophobic MIL sequence of PLD1 PX domain (ENMI) reduces binding of this protein to PtdIns(3,4,5)P 3 -containing liposomes by a factor of 4 (39) . Clearly, the MIL insertion comprises a critical component of membrane association of the PX domains.
Our data demonstrate that PtdIns(3)P is required for the robust insertion of the Vam7p PX domain since a weak association with DHPC/CHAPS micelles or POPC/POPS monolayers alone is not sufficient for the penetration. On the other hand, hydrophobic insertion enhances PtdIns(3)P binding and yields a ϳ0.4 M affinity for the lipid imbedded in DHPC/CHAPS micelles in contrast to a 344 M affinity for soluble C 4 -PtdIns(3)P. Several other PX domains, particularly those of high specificity, are recruited to PI-containing vesicles with a comparable strength. The PX domains of Grd19p and Mdm1p bind PtdIns(3)P with a K D of ϳ2 M, while a 1.3 nM affinity was measured for the p40 phox PX domain interaction (5, 25) . The p47 phox PX domain displays a ϳ1.5 nM affinity toward PtdIns(3,4)P 2 /PtdSer-enriched liposomes (25) , while less selective PX domains in general bind much weaker. A number of PI binding modules including ENTH (34, 40) and FYVE (33, 41, 42) domains penetrate interfacial and hydrocarbon layers of the membrane. Multivalent anchoring resulting from the specific recognition of a PI and insertion of a set of aliphatic and aromatic residues provides the strength and selectivity that are necessary for the proper functioning of these proteins. Like the Vam7p PX domain, other PI-recognizing modules bind membrane-embedded PIs several orders of magnitude more tightly FIGURE 8 . A model of the Vam7p PX domain docking to PtdIns(3)P-containing membranes. Orthogonal views of the PtdIns(3)P-bound PX domain are shown with PtdIns(3)P binding site, the MIL insertion residues and PtdSer-interacting residues colored blue, orange, and green, respectively. The multivalent mechanism of the PX domain recruitment to vacuolar membranes involves stereospecific PtdIns(3)P recognition, which is facilitated by nonspecific electrostatic (ES) contacts with other acidic lipids and is accompanied by hydrophobic insertion.
than soluble lipids or isolated inositol headgroups (43) (44) (45) . Mutations of the membrane-inserting residues of the FYVE (31, 33) or ENTH (34, 40) domains abolish or significantly decrease the membrane association leading to the disruption of the normal biological activities of these proteins. The wealth of reports accumulated to date suggests that the membrane penetration could be a fundamental principle by which lipid interacting modules are stabilized at membranes.
Membrane association of the PI-binding proteins is often facilitated by nonspecific electrostatic interactions. The Vam7p PX domain exhibits similar properties. The hydrophobic MIL residues and the PtdIns(3)P binding pocket of the Vam7p PX domain are surrounded by a number of basic residues that make electrostatic contacts with acidic lipids other than PtdIns(3)P. These contacts further amplify the binding affinity as the replacement of a single basic Arg 73 residue significantly diminishes the Vam7p PX domain membrane binding and penetration. Interestingly, a range of PX domain sequences contain charged residues adjacent to the hydrophobic MIL regions suggesting a common mode of interactions. The importance of nonspecific electrostatic interactions has been exemplified by the membrane docking of the p40 phox and p47 phox PX domains (25) . Initial binding of these proteins to the negatively charged membrane surfaces is shown to alleviate specific recognition of a PI which in turn induces a hydrophobic insertion (20, 25) . In the case of the p47 phox PX domain, additional amplification is provided by binding of PtdSer or phosphatidic acid in a separate lipid binding site. Recently it has been shown that recruitment of the ENTH, ANTH, FYVE, and PH domains to PI-containing membranes is enhanced by nonspecific electrostatic interactions (34, 46 -48) revealing a common anchoring component in the membrane targeting mechanism of these structurally unrelated modules.
Overall, the data presented here establish a multivalent mechanism of the Vam7p PX domain recruitment to PtdIns(3)P-enriched membranes which involves a network of intermingled interactions such as specific PtdIns(3)P binding, hydrophobic insertion and nonspecific electrostatic interactions. This mode of multiple membrane contacts provides the overall affinity and lipid specificity necessary for accurate targeting of Vam7p to vacuolar membranes.
